Aflatoxins are a family of toxic secondary metabolites produced by some Aspergillus flavus group fungi, mainly A. flavus, A. parasiticus, and A. nomius (27) . These toxins commonly contaminate agricultural commodities, such as corn, cottonseed, peanuts, and tree nuts (3) . Aflatoxin B 1 is by far the most potent hepatocarcinogen among the known mycotoxins.
Aflatoxin biosynthesis, with acetate as the building block, requires a polyketide synthase and two fatty acid synthases to form the initial anthraquinone and the C 6 side chain, respectively (32) . Subsequent steps involve numerous enzymatic conversions leading to the formation of several stable intermediates (4, 27) .
Research efforts in the cloning of aflatoxin pathway genes have established the clustering of aflatoxin biosynthesis genes in A. parasiticus and A. flavus (35) , as well as in Aspergillus nidulans, which produces sterigmatocystin in a pathway similar to that of aflatoxin (5) . Studies have shown that one of these clustered genes, aflR, is involved in the regulation of aflatoxin and sterigmatocystin biosynthesis (8, 16, 33, 34) . The aflR gene product, AFLR (8, 33, 34) , belongs to the family of binuclear zinc-finger DNA-binding proteins, which are pathway-specific regulatory proteins found in filamentous fungi and yeast cells (10, 11, 29) . To date, this family consists of more than 80 known proteins. The majority are commonly the regulatory proteins of various metabolic pathways (11, 29) , but at least one study has shown that the "fluffy" gene product of Neurospora crassa, FL, is involved in conidiophore morphogenesis (2) .
Several lines of evidence indicate that AFLR is involved in autoregulation as well as in the regulation of transcription of other aflatoxin pathway genes. Transformation of A. flavus containing a mutated aflR locus with a wild-type copy of aflR restored transcription of the structural genes (16) . Wild-type and blocked A. parasiticus strains overproduced aflatoxin and/or its precursors upon transformation with an additional copy of intact aflR (8) . Disruption of A. nidulans aflR prevented the synthesis of transcripts for genes involved in sterigmatocystin production (34) . The A. flavus AFLR protein activates transcription of the genes of sterigmatocystin in A. nidulans, which suggests a conservation in AFLR function (34) . Subsequently, electrophoretic mobility shift assays and footprinting studies have demonstrated that AFLR binds to specific sites in the promoters of other aflatoxin biosynthetic genes, as well as to a specific site in the aflR promoter (8, 13, 15) .
AFLR contains a distinct highly acidic region, TEERVLHH PSMVGEDCVDEEDQPRVADS (8) . Moreover, in the carboxy-terminal region of AFLR, from the predicted amino acid residues 360 to 444, approximately one-sixth of the amino acids are acidic. In Saccharomyces cerevisiae, acidic regions are necessary for the DNA-binding proteins, such as GAL4 and GCN4 (21, 25) , to activate transcription of other pathway related genes. Most recently, Koh et al. (23) have shown that the acidic GAL4 transcription activation domain binds to the SRB4 (SRB stands for suppressors of RNA polymerase B) subunit of the RNA polymerase II holoenzyme.
In this study, we used an S. cerevisiae expression (one-hybrid) system to identify the region(s) of AFLR which was associated with transcription activation activity. A region in the AFLR carboxyl terminus was found to activate GAL1::lacZ gene expression. Amino acid substitutions which increased or decreased the total acidity in the carboxy-terminal 23-amino-acid region decreased the activation activity to different extents. The change of Asp436 in AFLR to His abolished such an activation activity in S. cerevisiae.
MATERIALS AND METHODS
Fusion of A. parasiticus aflR with S. cerevisiae GAL4 DNA-binding domain coding region. The 1.5-kb SmaI-BamHI fragment of aflR (8) , encoding the complete AFLR protein except for the first seven amino acid residues, was ligated to SmaI-BamHI-digested pAS2-1 (Clontech, Palo Alto, Calif.). The resulting construct was digested with NdeI, end filled, and self-ligated to create the in-frame fusion construct, pASaflR, which contained the S. cerevisiae GAL4 DNA-binding, the aflR DNA-binding, and the carboxy-terminal half coding region. The plasmid pASaflR was digested with SalI and self-ligated to generate pASaflRN, where the carboxy-terminal half coding region was deleted. In addition, the 0.9-kb EcoRI-BamHI fragment of aflR which encoded the carboxyterminal half without the DNA-binding domain was fused to the S. cerevisiae GAL4 DNA-binding domain coding region to generate pASaflRC.
Unidirectional deletion of aflR carboxy-terminal coding region. The plasmid pASaflRC was digested with BamHI and PstI to create 5Ј and 3Ј overhangs, respectively. Unidirectional deletion of the aflR 3Ј portion was carried out with an Exo Mung Bean Deletion Kit (Stratagene, La Jolla, Calif.) with a scaled-down protocol (2 g of BamHI-and PstI-digested pASaflRC in a final volume of 50 l). Exonuclease III (ExoIII) digestion of double-stranded DNA to singlestranded DNA was performed at room temperature. Five-microliter aliquots of the reaction mixture were removed at 10 1-min intervals and placed into a tube containing 35 l of diluted mung bean nuclease buffer to stop the digestion. Samples were then heated at 68°C for 15 min to inactivate the ExoIII and placed on ice. To each tube, 3 U of mung bean nuclease was added, and the tubes were incubated at 30°C for 30 min to remove the single-stranded DNA. The extent of deletion at each time point was determined by agarose (0.8%) gel electrophoresis. Samples obtained at 3 and 5 min which showed the desired extents of deletion were purified with a QIAquick Nucleotide Removal Kit (Qiagen, Valencia, Calif.), end filled with Klenow enzyme, self-ligated, and transformed into Escherichia coli DH5␣ (Life Technologies, Grand Island, N.Y.).
Site-directed mutagenesis. PCR-based site-directed mutagenesis (20) was used to introduce stop codons or amino acid substitutions into the aflR gene, which rendered various pretermination or changes of amino acid residues in the translated AFLR protein. This method consists of two rounds of PCR with three pairs of oligonucleotide primers. The 5Ј primer was located upstream of an EcoRI site, and the 3Ј primer was located downstream of a BamHI site (8) . F primer contained the designated change of nucleotide, and R primer was the reverse complementary sequence of F primer. First-round PCR with two pairs of primers (5Ј primer and R primer amplified the region from the 5Ј end to the mutation site, and F primer and 3Ј primer amplified the region from the mutation site to the 3Ј end) gave two slightly overlapping PCR products. The two PCR products were separated from the aflR template by agarose gel electrophoresis and purified. Second-round PCR with 5Ј primer and 3Ј primer with the two PCR products as the template gave the desired DNA fragment containing the designated mutation and the restriction sites, EcoRI and BamHI, for cloning into the yeast vector pAS2-1.
(i) The F primers for the generation of preterminations were as follows (with the stop codons underlined): ADT1, 5Ј-CTGTCTGACGTAAGAGCGCG-3Ј; ADT2, 5Ј-ATGGTGGGCTAGGATTGTGT-3Ј; ADT3, 5Ј-TTCTGAGCTAAC TGCACTGA-3Ј; ADT4, 5Ј-AGCGCCTGCAATAAGGTGGA-3Ј; ADT5, 5Ј-A GTGGCCTCTAAGCAAATCT-3Ј; and ADT6, 5Ј-CCTGCATCGATAATGAA GAA-3Ј.
(ii) The F primers for the substitutions of acidic amino acids with basic amino acids in the carboxy-terminus of AFLR were as follows: E/K, 5Ј-AGTGGCCT CAAAGCAAATCT-3Ј (for Glu423 to Lys); D1/H, 5Ј-GGTCCTCCCACATTA TCGAT-3Ј (for Asp436 to His); D2/H, 5Ј-GACATTATCCATTACCTGCA-3Ј (for Asp439 to His); and 2D/2H, 5Ј-GTCCTCCCACATTATCCATTACCTG C-3Ј (for Asp436 and Asp439 to His).
(iii) The F primers for the substitutions of basic amino acids with acidic or neutral amino acids in the carboxyl terminus of AFLR were as follows: H1/D, 5Ј-AAATCTCCGCGACCGCTTGC-3Ј (for His428 to Asp); H2/D, TTACCTG GATCGAGAATGAA (for His442 to Asp); and 3R/3L, 5Ј-CAAATCTCCTCC ACCTCTTGCTCGCCGTGT-3Ј (for Arg427, Arg429, and Arg431 to Leu).
(iv) The 5Ј primer was F2423 (5Ј-CCTTGGAGGAGATCTGGCTGGTCA-3Ј) and the 3Ј primer was R450 (5Ј-TCCATGACAAAGACGGATCC-3Ј).
(v) For the pMut3 fusion construct, the 0.9-kb EcoRI-BamHI fragment of pAFmut3 where amino acids Asp365, Glu366, and Glu367 were deleted (12) was subcloned into EcoRI-BamHI-digested pAS2-1.
Internal deletion of aflR. In addition to deletions generated from the 3Ј end of aflR, coding regions in between the 3Ј and 5Ј ends of aflR were deleted by PCR. The forward primers were AD818 (5Ј-TTTGAATTCATCTCGGGGAACAAG AAGGCT-3Ј) and AD985 (5Ј-AAAGAATTCAACAGTGGCAGCTGTAGCA AC-3Ј); the reverse primer was R450. The PCR products were digested with EcoRI and BamHI and ligated to EcoRI-BamHI-digested pAS2-1.
Yeast transformation and selection. 7 .0) containing ␤-mercaptoethanol and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-glucuronic acid; 0.5 mg/ml). The filters were incubated at 30°C and checked periodically for the development of blue color.
For quantitative assay of the ␤-galactosidase activity by using o-nitrophenyl-␤-D-galactopyranoside (ONPG) as the substrate, yeast liquid cultures were prepared. Ten yeast transformants examined by colony-lift assays were pooled as the inoculum to reduce clone variability. The yeast cells were inoculated into 15 ml of SD/Ϫtrp medium and incubated at 30°C for 12 to 15 h in a gyroshaker with shaking at 200 rpm. The resulting yeast cultures were adjusted to an optical density at 600 nm of approximately 0.6 with SD/Ϫtrp medium to reduce the discrepancy in the amounts of yeast cells used in the assays. Determinations in triplicate were carried out as described in the protocol of Matchmaker TwoHybrid System 2 (Clontech). One unit of ␤-galactosidase was defined as the amount of enzyme which hydrolyzed 1 mol of ONPG to o-nitrophenol and D-galactose per min (26) .
Nucleotide sequence accession number. The GenBank accession number for the updated A. parasiticus aflR cDNA sequence is L26222.
RESULTS
Examination of regions of AFLR associated with transcription activation in S. cerevisiae. Figure 1A shows the activation activities of various regions of AFLR when fused to the GAL4 DNA-binding domain and examined in S. cerevisiae. The fulllength AFLR fusion protein, ASAFLR, which contained both the GAL4 and AFLR DNA-binding domains and the AFLR carboxy-terminal half had much less activity than the fusion protein which contained the carboxy-terminal half (ASAFLRC) only. The GAL4 DNA-binding domain, as control, and ASAFLRN which contained two DNA-binding domains lacked activation activity. These results suggested that the carboxy-terminal portion of AFLR contained a putative domain which was associated with transcription activation in S. cerevisiae. Previously, we identified a highly acidic stretch of amino acids, one similar to the GAL4 and GCN4 acidic transcription activation domains (21, 25) , in AFLR from amino acid residues 349 to 368 (8) . To investigate the role of this acid stretch in AFLR, we deleted three amino acids, Asp365, Glu366, and Glu367, and examined the activation activity of the resulting fusion protein, MUT3, on GAL1::lacZ gene expression. In spite of a decrease in acidity in MUT3, it retained approximately 75% of the activation activity compared to the ASAFLRC. This result suggested that these acidic amino acids might not play a significant role in activating GAL1::lacZ gene expression in S. cerevisiae.
Unlike GAL4, where as much as 80% of the internal portion can be deleted without significantly affecting its activation activity (25) , fusion proteins containing a deletion of the internal region of AFLR resulted in significant or complete loss of the activation activity (AD818 and AD985; Fig. 1A) .
Carboxy-terminal deletions. Figure 1B shows that AFLR fusion proteins containing the 23-amino-acid deletion of the carboxyl terminus significantly decreased or completely lost the activation activity in S. cerevisiae. A deletion at the aflR 3Ј noncoding region, 35F2, did not affect the activation activity. One concern with regard to these GAL4-AFLR fusion proteins generated by ExoIII-mung bean nuclease deletion is that additional amino acids encoded by the pAS2-1 vector sequence might interfere with the activation function of these AFLR fusion proteins. For example, 35F14 and 35F21, which con-tained an additional two amino acids, appeared to retain partial activation activity. In contrast, others which contained more additional amino acids, such as 35F9, 35F12, 35F16, and 35F18, had a significant decrease or loss in the activation activity. Consequently, the carboxy-terminal deletion was refined by introducing a stop codon into the aflR coding region.
The results obtained from the pretermination experiments (Fig. 1C) were consistent with those of the ExoIII-mung bean nuclease deletion studies. The AFLRC mutants, ADT1 to ADT5, which had been truncated by 22 or more amino acids in the carboxyl terminus showed a significant decrease or loss of the activation activity. However, removal of Glu444 (ADT6) did not affect the observed activation function. Taken together, both results suggested that the AFLR carboxy-terminal portion containing Leu422 to Arg443 was an important region which was associated with transcription activation of the GAL1::lacZ gene in S. cerevisiae.
Amino acid substitutions in the AFLR carboxy-terminal 23-amino-acid region. Deletion analysis indicates that the internal region of AFLR is also important for the activation activity in S. cerevisiae. However, due to technical complexity in the analysis of large segments of deletion, we focused on the dissection of the carboxy-terminal region of AFLR. For the AFLRC mutants, the increase in total acidity in the carboxy-terminal region by substitution of basic amino acid(s) with acidic or neutral amino acid(s) did not increase but decreased the activation activity to various extents (Table 1 and Fig. 2A ). The decrease was approximately 20% for His428Asp and 40% for His442Asp compared to the activation activity of the wild-type ASAFLRC. Simultaneous substitutions of Arg427Leu, Arg429 Leu, and Arg431Leu decreased the activation activity very significantly; the decrease was approximately 50-fold.
Substitutions which decreased acidity of AFLRC also resulted in significant decreases in the activation activity ( Table  1 ). The decrease (ca. 10-to 15-fold) was more pronounced than the decrease which resulted from the substitutions of basic amino acids with acidic amino acids. The mutant with Asp436His plus Asp439His substitutions retained a low level of activation activity similar to that found with Asp439His (1.70 versus 1.73; Table 1 ). Strikingly, the AFLRC mutant with a single amino acid substitution, Asp436His, completely lost its activation activity when fused to the GAL4 DNA-binding domain.
Changes in secondary structure and amino acid substitutions. Studies have suggested that some activation domains form amphipathic ␣-helices (18, 30) , whereas Van Hoy et al. (31) have suggested that the activation domains of GAL4 (activating region II) and GCN4 form ␤-sheets. The AFLR carboxy-terminal 23 amino acids formed extensive ␣-helical and ␤-sheet structures based on Garnier's analysis (reference 17 and Fig. 2B) . Moreover, substitutions which affected the acti- See Fig. 2B for the changes in the secondary structures resulting from an amino acid substitution(s) in the carboxy-terminal 23 amino acids of AFLR.
b See Fig. 1 for the unit definition of the ␤-galactosidase (␤-Gal) activity.
vation function less significantly, such as His428Asp and His442Asp, did not change the secondary structure in this region (Table 1 ; Fig. 2 ). Asp436 was situated in the middle of a ␤-sheet. A change to His at this position extended the ␣-helical structure and shortened the ␤-sheet (Fig. 2B) . Similar changes which extended the ␣-helical structure (D 1 /H, D 2 /H, and 2D/2H) and changes which shortened the ␣-helical structure (E 1 /K) or disrupted the basic secondary structure (3R/3L) in this region also significantly affected the activation activity.
DISCUSSION
Available information suggests that zinc binuclear cluster regulatory proteins are fungal and yeast specific. This type of protein is not present in Caenorhabditis elegans (9) , and none has been reported from bacteria, Drosophila spp., or mammals. Thus, interactions between binuclear cluster regulatory proteins and the transcription machinery in lower eukaryotes most likely are conserved to some extent, as suggested by the GAL4-AFLR fusion in this study. Whereas the precise function of the carboxy-terminal half of AFLR in activating the GAL1::lacZ gene expression remains to be determined, recent studies of yeast cells have suggested that the targets for transcription activators appear to be a subset of proteins called SRB (23) . Also, the GAL4 activation domain has been shown to bind to two segments of the SRB4 subunit of the RNA polymerase II holoenzyme (23) . However, the paucity of direct evidence in the literature with regard to the mechanism(s) of transcription activation makes it impractical to draw a generalization. Nonetheless, activation of the GAL1::lacZ gene expression by AFLRC suggests that AFLRC is engaged in protein-protein interaction(s). The transcription initiation apparatus consists of more than 50 polypeptides (23); AFLRC probably makes contact with either the basal transcription factor(s), the scaffolding protein(s), or the RNA polymerase II in S. cerevisiae. This explanation, however, does not exclude the possibility that in A. parasiticus AFLR might interact with another aflatoxin pathway-specific factor(s) that is present under aflatoxin-conducive growth conditions.
Inclusion of the AFLR DNA-binding domain as well as deletion of internal regions of AFLR altered the activation activities of the resulting fusion proteins (Fig. 1A) . The decrease most probably resulted from a change in conformation (1) which is important for making contact with the transcription machinery. Alternatively, the internal region of AFLR might contain a domain necessary for transcription activation in S. cerevisiae, although the GAL4-AFLR result (Fig. 1A , ASAFLR) seems to argue against such a possibility. The internal region of GAL4 is dispensable in transactivating the GAL1 gene expression (25) . However, the internal region of NIT4, the nitrogen pathway-specific binuclear cluster regulatory protein of Neurospora crassa, is essential for function (14) . The areA-300 mutation, which results in an in-frame tandem duplication of the entire DNA-binding domain of the positiveacting regulatory protein of nitrogen metabolism, AREA, also has been shown to alter the specificity of gene activation (6) . Deletion of three acidic amino acids, Asp365, Glu366, and Glu367, in the identified acidic stretch of AFLR does not drastically affect the activation activity of MUT3 in S. cerevisiae. Ehrlich et al. (12) have shown that A. parasiticus transformed with aflR containing the same mutation (deletion of the coding sequence for Asp365, Glu366, and Glu367) produced an elevated level of aflatoxin intermediates, indicating that these three acidic amino acids do not play a significant role in transcription activation even in A. parasiticus.
Biological precedents have implied the involvement of acidic domains in transcription activation (14, 21, 24, 28, 30 The predicted second AFLR of SU-1, coincidently, contained a specific amino acid change, Asp439 to a neutral Asn (7) . Northern analysis showed that the SU-1 aflR disruptant lacks transcripts of aflR, nor1, ver1, and omtA. The carboxy-terminal 23-amino-acid region of AFLR appears to be important for the activation of GAL1::lacZ gene expression in S. cerevisiae. GAL4-AFLRC fusion proteins containing a single amino acid substitution but maintaining the basic secondary structure (Fig. 2B , H 1 /D and H 2 /D) retain most of the activation activity. Substitutions of Asp436 and Asp439 with His resulted in partial activation activity, but it is not clear why the Asp436His substitution resulted in a loss of activation activity. It is hard to draw a correlation between protein-enzyme function and the amino acid sequence (primary structure). The result might imply the importance of tertiary structure (conformation) or quaternary structure (dimer formation) of the AFLR portion under study. In the corresponding region of A. nidulans AFLR, this position is the only place where a conservative substitution was found, i.e., Asp to Glu (34) . Probably a negative charge in this position is necessary, even when the secondary structure of this region of A. nidulans is different from that of A. parasiticus (Fig. 2B) .
Mutational analysis of the GAL4 transcription activator has revealed a strong correlation between activation activity and acidity (19) . Although the role of the 23 amino acids of AFLRC remains to be tested in A. parasiticus in vivo, the results from this study show that substitutions that increase the acidity of the carboxyl terminus decrease the activation activities of the resulting fusion proteins. This result suggests that total acidity in the 23-amino-acid region is not a major determinant of AFLR's activation ability in S. cerevisiae.
